We have developed a 2.5 cell, 3 GHz RF accelerator specifically to inject electrons in a laser wakefield accelerator (LWA). The electron bunches are accelerated to around 3.5 MeV and focused at 1.14 m from the cathode of the accelerator using a pulsed solenoid. Bunches between 0 and 33 pC were focused onto a phosphor screen at the position of the entrance of a plasma channel. The (RMS) bunch size was 32 μm at 1 pC and increases to 61 μm at 33 pC. The energy of the bunches at the chosen settings was measured to be 3.71 MeV with 0.02 MeV energy spread (at 10 pC). Energy fluctuations were less than 2 keV. The pointing stability of the focused electron bunches was determined from 100 consecutive shots at 1 Hz to be 5 μm (RMS). GPT (General Particle Tracer) simulations have been performed using the measured bunches as input for LWA. The simulations show that up to 1 pC of charge can be accelerated to energies of around 1 GeV using realistic plasma and laser parameters. The measured bunch parameters in combination with the simulations show how external injection of pre-accelerated electrons can be a viable alternative to other injection mechanisms.
INTRODUCTION

Electron injection in Laser Wakefield Acceleration
In 1979 Tajima and Dawson proposed the use of plasma waves to accelerate electrons to high energy over a very short distance 1 . Since the development of femtosecond lasers, in combination with Chirped Pulse Amplification 2 , laser wakefield acceleration (LWA) has become possible experimentally. In the first experiments using laser-produced plasma waves to accelerate electrons, a gas jet was used to produce a cloud of hydrogen gas in vacuum. The high power (∼10 TW), femtosecond laser pulse fired into this cloud ionizes the particles and generates a density wave in its wake. Plasma waves with electric field strength in the order of hundreds of Gigavolts per meter were produced. However, the electrons in the plasma oscillate around an equilibrium and there is no net acceleration. To accelerate electrons out of the plasma, some electrons have to be trapped by the wave. In the experiments in the late 1990s, trapping was achieved by means of wave-breaking. If the laser is powerful enough, the amplitude of the oscillation in the wakefield will become larger than the wavelength of the waves. At that point, the wave 'brakes'. Some of the electrons will end up in a phase of the wave where they are trapped and carried along behind the laser pulse. Using this technique electrons were successfully accelerated to energies of more than 100 MeV in just a few millimeters of plasma. However, this injection process is very difficult to control. Some electrons may be trapped early on, where the laser has just entered the gas, and some will be trapped much later, near the end of the cloud of gas. The result is, that the electron beam produced has an energy distribution resembling that of a very hot gas, with most electrons accelerated to a few MeV and only a few to energies above 100 MeV. In 2004, three groups partly solved this problem 3 4 5 . A combination of gas pressure and laser power was found where the wave brakes, but only just. The electric field of the electrons that are trapped, slightly suppresses the wave behind and prevents further wave-braking. The electron bunches accelerated this way have a much lower, better, energy spread. The difficulty with this process is that it is quite critical in the settings for laser intensity and gas density. Variations in either, results in large shot-to-shot variations in energy and charge.
To accelerate electrons to higher energy and improve the stability of the bunches the laser pulse is guided through a preformed plasma channel. The most commonly used plasma channel is a fast capillary discharge 6 . In a gas-filled capillary of a few centimeters length and a few hundred micrometers diameter, a current of several hundred Amperes is discharged. The gas is practically fully ionized and heated. Because the ions near the axis of the capillary are heated most, a density profile is created with a minimum on axis. This plasma profile acts as a waveguide for the laser pulse, keeping it focused over the length of the capillary. Because the intensity of the laser remains high, the wakefield is generated along the entire length of the channel. In 2006, researchers at Lawrence Berkeley National Lab, using this technique, were able to accelerate electrons to one GeV 7 . This milestone achievement generated a lot of interest in the accelerator community. However, because the injection still relied on wave-breaking, the stability of the electron bunches is difficult to control. Also in 2006, researchers at the Laboratoire d'Optique Appliquée demonstrated a different method to inject electrons into the accelerating phase of the wakefield 8 . They used a second laser pulse, colliding with the pulse driving the plasma wave. During the overlap of the two pulses, the electrons get pre-accelerated and some will be trapped in the following wake. This method significantly improved the stability, but it is not easily combined with laser guiding structures, such as the capillary discharge plasma channel. As these researchers mention in the introduction of their paper, "It is believed that the stabilization of the electron beam can be achieved by controlling the injection of electrons. Therefore, a method of injecting electrons 'externally' is highly desirable." In the article here we will demonstrate that injection of electrons from an external source is, in fact, feasible. Other efforts to control the injection have been made. Most notably at present is the creation of a density ramp in the plasma 9 . The general idea behind it, is that, at a given laser intensity, injection occurs locally, in the region of the density ramp, but does not continue in the plasma behind it. All these efforts show the importance of controlling the injection. The external injection scheme described here will add a further method to this goal.
External injection by RF photogun
For some time it was assumed that, in order to accelerate an electron bunch with a low energy spread, electrons had to be injected into a specific, small part of the plasma wave. This would require injection of an electron bunch of only a few femtoseconds for a typical plasma wavelength of 100 μm (33 fs). This is beyond the state of the art for conventional accelerators. Several years ago, however it was shown that the plasma wave will act as a slicer, or buncher-compressor, collecting part of a longer electron bunch in a small part of the plasma wave and accelerating them with a small energy spread. Something that actually also happens in conventional RF accelerators. The requirements for external injection of an electron bunch and the effects of the laser wakefield on the electrons during acceleration in plasma have been studied quite extensively 10 11 . The energy to which the electrons need to be accelerated by an external injector, in order to be trapped by the plasma wave, depends on the conditions in the plasma and the intensity of the laser pulse. In the so-called 'linear' regime, a laser pulse of a few TW is focused to a spot of 30 μm in a plasma with density of around 10 18 cm -3 . The plasma wave can be described using simple harmonics (hence te designation 'linear'). The electrons from the external source can be injected just behind the laser pulse into the plasma channel and will form a single short bunch, or a train of bunches separated by exactly one plasma wavelength, at energies of around 100 MeV. The injected electrons require around 6.5 MeV initial energy. Another approach was proposed and studied by Khachatryan 12 . He has shown theoretically, that at high enough laser power, it is advantageous to inject electrons in front of the laser pulse instead of directly into the wakefield behind the laser pulse. This regime requires higher laser power, of the order of 25 TW where the plasma wave becomes strongly non-linear. This non-linear plasma wave directly behind the laser pulse then traps and, at the same time, compresses the bunch. The efficiency of this process in terms of charge collected can be higher than injection behind the laser pulse. The electrons need to be injected at a lower energy, so that the laser pulse overtakes the electron bunch inside the plasma. The energy for externally injected electrons in this regime is around 3.5 MeV. Besides the minimum energy requirement for the electrons, another demand on the initial electron bunch is its focusibility. The electrons need to be focused at the entrance of the plasma channel to a spot of the same order as the focused laser spot, 30-50 μm. Moreover, the position of this focus needs to remain stable to a fraction of the spot size. Probably the most demanding requirement put on the RF accelerator is synchronization 13 . At the point of injection, at the entrance of the plasma channel, the electron bunch needs to be within, at most, a few plasma wavelengths behind or in front of the laser pulse. To achieve this, the RF accelerator and the laser need to be synchronized to within ∼100 fs. A synchronization scheme was developed at Eindhoven University of Technology, in which the 3-GHz RF oscillator was locked to the 75 MHz repetition frequency of the laser oscillator. To achieve stable synchronization, an intermediate frequency, 375 MHz, was used for the feedback loop. With this scheme the two oscillators are locked with less than 20 fs jitter 14 . In principle, RF accelerators are capable of producing electron bunches with the requirements necessary for external injection in LWA. However, all simulations so far have been done using idealized bunches. Some of the properties used in those simulations may be achieved separately, but may not be readily achieved in combination, specifically bunch charge and bunch length at the plasma channel entrance. In this paper we have measured the properties of electron bunches produced by an RF photogun in a setup that can be used for LWA. The measured bunch parameters have been used as input for simulations of LWA. With this experimental data, more realistic predictions can be made concerning the feasibility and expected output of LWA using external injection Figure 1 shows the setup designed for LWA with an RF photogun for external injection of electron bunches. The cathode of the RF photogun is situated 1.14 meters from the entrance of the plasma channel to allow for the optics that deliver the laser pulse, i.e. the off-axis parabola and steering mirror. A pulsed solenoid with maximum on-axis field of 0.68 T is used to focus the electrons into the plasma channel. This solenoid is placed as close to the plasma as is practically possible, in order to achieve the smallest possible focus. In this setup, the distance from the center of the solenoid to the entrance of the plasma channel is 14 cm. To measure the energy, energy spread and shot-to-shot energy jitter, the vacuum chamber containing the off-axis parabola was taken out and replaced with a spectrometer magnet and a phosphor screen. The size of the electron bunch at the entrance of the plasma channel and the pointing stability were measured using a phosphor screen (imaged on a CCD camera). For these measurements, the plasma channel was taken out of the setup. A Faraday cup was placed at the end of the setup to measure the charge of the bunches. The RF photogun was designed to produce electrons with a maximum energy of 6.7 MeV, i.e. in the range for injection in the linear regime. At present we are not able to go above 4 MeV, due to breakdown in the accelerator. These bunches are ideally suited for injection in front of the laser pulse in the non-linear regime, as described in the introduction (unfortunately, our laser can only produce 3 TW, which is not sufficient to drive the nonlinear plasma waves). We will therefore compare the measurements to the requirements for injection in the non-linear regime. The measured bunch parameters will be used as input for simulations and the results will be compared to previous simulations of this regime. 
EXPERIMENTAL SETUP
Setup for LWA with external injection of electrons
EXPERIMENTAL RESULTS
Energy
The electrons are produced on the cathode of the RF accelerator using the 3 rd harmonic of the Ti:Sapphire laser at a central wavelength of 266 nm and a pulse length of ∼50 fs. The transverse size of the laser spot was set to 1.7 mm (FWHM). The timing of the laser pulse can be adjusted with respect to the phase of the 3 GHz RF field. In the experiments presented here, the phase was set to maximize the energy of the accelerated electrons at the output of the RF photogun. Figure 2 shows the spectrum of an accelerated electron bunch of 10 pC, created using a 8 µJ UV pulse. The energy for the bunch shown here is 3.71 MeV, with an RMS energy spread of 0.02 MeV. The RMS jitter (shot-to-shot variations) of the energy of the electron bunches was determined from 10 consecutive shots to be 2 keV. All further measurements in this paper were done at the same RF settings and therefore at this same energy. 
Spot size and focus stability
The transverse size of the electron bunch on the phosphor screen (at the position of the entrance of the plasma channel) was varied by changing the current through the pulsed solenoid. The result of these focus scans are shown in figure 3 for bunch charges of 1, 10 and 33 pC. The magnetic field on the axis has been measured as a function of the current through the solenoid. The focal length, f sol , was calculated in the paraxial approximation 15 :
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with q the electron charge, B z (z) the on-axis magnetic field, γ the Lorentz factor (8.25 in these experiments), m e the electron rest mass and v z the forward velocity of the electron bunch. The solid lines in figure 3 are fitted using the spot size, σ x , calculated using geometrical optics:
with σ 0 the size of the electron bunch at a virtual position l 1 , ε x the transverse emittance, l 2 the distance from the center of the solenoid to the screen (14 cm) and f the focal length calculated using Equation (1) . σ 0 , l, and ε x are the free parameters in the fitting procedure. The minimum spot size at the focus increases with bunch charge, from 35 µm at 1 pC to 60 µm at 33 pC. The error bars in figure 3 indicate the RMS variation of the spot size for 10 consecutive shots at each setting. These variations are typically ∼2% at the settings of the smallest focus for each bunch charge. Finally, the position of the focus of the electron bunches will have to be stable to a fraction of the spot-size. Video 1 shows the focused electron bunch. The video shows 25 consecutive shots, all at 10 pC, at a repetition rate of 1 Hz. Analysis of 100 consecutive shots yields an RMS variation of the focal spot position of 5 µm. 
SIMULATIONS
Bunch Length
The only important property of the electron bunches that could not be measured directly is the bunch length. The bunch length was therefore simulated using the General Particle Tracer (GPT) code 16 . Using the experimental settings for the magnetic fields and the measured charge and energy of the electron bunches, the simulations show that the (RMS) bunch length increases from 150 fs at 1 pC to 850 fs at 33 pC. The increase in bunch length is mainly caused by the space charge force of the electron bunch near the cathode, where the energy of the bunch is low.
Laser wakefield acceleration
To simulate the dynamics of the electron bunches in a laser wakefield accelerator, we use an analytical description of the wakefield potential following the description of Andreev 17 . This model does not take into account the effects of laser evolution and depletion, nor the effect of the bunch charge on the wakefield. Later in this Section we will compare our results to those of Luttikhof 18 who used the code WAKE 19 to calculate the wakefields, taking these effects into account. In our approach, the wakefield remains unchanged behind the laser pulse and moves through the plasma at the group velocity of the laser pulse. Using this quasi steady-state solution, it is possible to use the calculated wakefields as a field map in the particle tracer code GPT. For the plasma parameters used in the simulations, we have chosen a density of 7×10 23 m -3 and a matched spot size for the laser focus of 30 μm (1/e 2 intensity). These numbers are based on the measurements and scaling laws for laser guiding in capillary discharge channels presented by Gonsalves 20 . The electron bunches were accelerated to 3.71 MeV in the experiments described in Section 3. At this energy and at the plasma density chosen for the simulations, the electrons will not be trapped if they are injected behind the laser pulse in the linear regime. We therefore restrict the simulations to injection in front of the laser pulse, in the nonlinear regime. Simulations were done at 25 TW and 15 TW laser power (corresponding to peak normalized vector potentials of 0.9 and 0.7 respectively). To achieve maximum energy gain, the length of the plasma channel in the simulations was optimized and was found to be approximately 10 cm. Using these settings, the electrons were accelerated to ~900 MeV for 25 TW laser power and ~600 MeV for 15 TW. Similar results were found by Luttikhof 18 using a different simulation technique. The bunch length of the accelerated electrons was found to be approximately 8 fs. Figure 4 shows the accelerated charge as a function of the charge of the injected electron bunches. Initially, the accelerated charge increases as more charge is injected. Above ~10 pC the accelerated charge decreases. This is caused by the increased bunch size at the focus, combined with the increasing bunch length. Because of the divergence of the electron bunch after the focus, the charge density of the injected bunch decreases. For bunches with higher charge, and therefore longer bunch lengths, it takes longer for the laser pulse to overtake the electron bunch. The overall result is that above ~10 pC, the trapped and accelerated charge decreases. To minimize this effect, the electron bunches were focused 2 cm inside the plasma and the timing between the arrival of the laser pulse and the electron bunches was varied. Optimizing these two parameters results in a maximum accelerated charge of 1. . Accelerated charge as a function of injected charge. The grey (red in digital version) dots are simulated using 25 TW laser power, the black dots in the lower curve are simulated using 15 TW laser power. Figure 5 shows the effect of the increased bunch length at higher charge on the energy spread of the accelerated electron bunches. Because it takes longer for the laser pulse to completely overtake the injected electron bunches, the energy spread increases with injected charge. The increase is nearly identical for both 25 TW and 15 TW laser pulses. This shows that the energy spread in these simulations is primarily determined by the length of the injected electron bunches, rather than the amplitude of the wakefield. In order to compare our results to those of Luttikhof 18 , we have plotted the collection efficiency in figure 6 , calculated from the data in figure 4. Luttikhof assumes a constant bunch length of 85 fs (RMS) and does not simulate the effect of bunch charge on the length of the injected electron bunches. His results are therefore independent of injected charge. In our simulations, bunches with a length of 85 fs can be produced with charges of less than 1 pC. For these bunches, we find that the collection efficiency in our simulations is slightly lower than those of Luttikhof. At higher injected charge, the collection efficiency quickly decreases due to the effects described above. 
CONCLUSIONS AND OUTLOOK
We have used the properties of electron bunches, accelerated by an RF photogun, measured at the entrance of a plasma channel as input for simulations of a laser wakefield accelerator. The simulations show that bunches accelerated to 3.7 MeV by the photogun can be further accelerated in a laser wakefield. For optimized settings, 1.2 pC of charge is accelerated to ~900 MeV with ~5% energy spread in bunches of 8 fs.
To increase the charge and reduce the energy spread, the length of the bunches at the entrance of the plasma channel needs to be decreased. This can be achieved by bunch compression or by increasing the field strength on the cathode in the RF photogun, while keeping the energy at the output of the photogun constant. This requires a different design of the setup 21 22 . For injection of electrons behind the laser pulse, in the linear wakefield regime, the energy of the injected electrons needs to be increased to ~6.5 MeV. This can be achieved by further conditioning of the RF photogun, without any changes to the setup.
The stability of the energy, size of the focused electron bunches and stability of the focus position show that injection of electrons from the RF photogun source is a feasible option for laser wakefield accelerators.
